In this issue of Intensive Care Medicine, Simon et al. [1] report that pretreatment with a carbamylated erythropoietin fusion protein (cEPO-FC) is as effective as recombinant human EPO (rhEPO) in ameliorating spinal cord injury in a well-established porcine model of acute spinal cord ischemia and reperfusion. This new fusion protein contains two rhEPO molecules connected by the Fc region of human IgG 1 . Subsequent carbamylation of the EPO molecule is thought to improve the cytoprotective effects, while reducing side effects including hypertension and thrombosis [2] .
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EPO and EPO variants
Since the human EPO gene was cloned in 1985, several variants of the EPO molecule have been developed to improve its pharmacokinetic and pharmacodynamic characteristics and to separate its hemopoietic and neuroprotective properties [3] . Epoietin alpha and beta are rhEPOs and have minimal differences in their structure. A variety of EPO derivatives, including cEPO-FC, which target the erythropoietin receptor (EpoR), and mimetic compounds (such as EPO-peptide AB, helix B peptide and hematide) have been developed. Darbepoietin alpha is a hyperglycosylated analogue of EPO with a four-to fivefold lower erythropoietin receptor binding activity but a threefold longer serum half-life. Epoietin delta has been produced in a human cell line and has a human-type glycosylation pattern. CERA is a PEGylated form of epoietin beta with a long in vivo half-life. In addition, there are alternative means of enhancing endogenous EPO translation by preventing hypoxia-inducible factor-a degradation or GATA2 inhibition, thereby inducing endogenous EPO gene expression.
What is the cellular mechanism of EPO-induced neuroprotection?
EPO binds a transmembrane homodimeric cytokine I type EpoR complex. EPO and its receptor have been found in hematopoietic and several non-hematopoietic tissues including central nervous system, endothelium, cardiac myocytes, kidney, liver and some solid cancer cell lines [4] . Upon binding with EpoR an intricate series of intracellular signaling pathways are activated via Janus kinase 2 (Jak2) which increases the activity of intracellular mediators including signal transducer and activator of transcription 5 (STAT5), phosphoinositol 3 kinase (PI3K), mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase (ERK) and nuclear factor kappa B (NF-jB) [5] [6] [7] . These signaling pathways may promote neuronal survival by a number of putative mechanisms including: (1) neuroprotection, (2) neurogenesis, (3) antiinflammation, (4) angiogenesis and stabilization of neurovascular function, and (5) reduced oxidative stress. The primary endogenous sources of EPO within the central and peripheral nervous systems appear to be astrocytes and Schwann cells, respectively [8] . These cells release endogenous EPO in a paracrine manner that can affect neuronal survival. By contrast, exogenously administered rhEPO must cross the bloodbrain or blood-spinal cord barrier to gain access to the central nervous system, as shown by a number of experimental studies. This has raised the possibility that exogenously administered rhEPO could have a neuroprotective effect in patients suffering from neuronal ischemia.
However, other recent studies have raised questions about the pleiotropic potential of EPO. Swift et al. [9] found that EpoR protein was barely detectable in 66 human tumor cell lines and EpoR signaling in response to rhEPO was not detected in non-erythroid cells. In another related study, surface EpoR was not detectable on the surface of endothelial, cardiac, neuronal or renal cells and there was no evidence of intracellular signaling induced by erythropoiesis-stimulating agents (ESA) despite the addition of very high doses of rhEPO [10] . ESAs did not reproducibly provide cytoprotection to neuronal, cardiac or renal cells or promote angiogenesis in vivo. However, some have postulated that the tissue-protective properties of rhEPO are dependent on the activation of an alternative receptor complex, a heterodimer consisting of EpoR and the common beta receptor [11] .
What is the relevance of this study?
While previous experimental studies have demonstrated the efficacy of cEPO with respect to alleviating spinal cord injury and improving functional outcomes [6] , the current study expands upon this finding by demonstrating that cEPO-FC is as effective as rhEPO in a balloon occlusion model of spinal cord ischemia-reperfusion in pigs. This model has a high degree of clinical relevance since it is applicable to the mechanism of spinal cord ischemia and reperfusion that occurs due to aortic crossclamping during aortic aneurysm repair. In this clinical scenario, pretreatment with rhEPO may alleviate the risk of spinal cord injury due to subsequent aortic crossclamping. The current study assessed short-term outcomes including motor evoked potentials and histological damage. Future studies will need to focus on the longer term neurological outcomes and demonstrate an absence of systemic toxicity, including thrombosis.
Can treatment with cEPO-FC improve neurological outcome without adverse systemic effects?
In experimental studies, carbamylation of the EPO molecule reduces the binding potential for the erythroid receptor, which is responsible for erythropoiesis, but maintains binding and efficacy at the tissue receptor, which is thought to be responsible for activating cytoprotective mechanisms [6, 11] . Therefore, cEPO-FC may provide a cytoprotective capacity in the absence of the toxicity associated with systemic EPO therapy. The importance of this potential is emphasized by the paradoxical findings of recent clinical trials with rhEPO: (1) normalizing hematocrit with rhEPO does not necessarily improve survival; [12] [13] [14] ; (2) high-dose rhEPO is associated with increased thrombosis [13, [15] [16] [17] ; and (3) in some patient populations (trauma) low-dose rhEPO may improve survival without affecting hematocrit [18] . In addition, early clinical trials produced interesting results in relation to the treatment of stroke [7, 11] .
These clinical studies raised the possibility that rhEPO could improve important clinical outcomes including neuronal recovery and survival. However, the appropriate timing, dose and formulation of rhEPO are required. To date, human studies have not established a protective role for rhEPO. In the German multicenter stroke trial, rhEPO failed to show any clinical benefit in terms of the Barthel index, modified Rankin scale and NIHSS on day 90, or MRI parameters [19] . Indeed, the mortality rate in the patients receiving rhEPO was higher than in those receiving placebo, especially in those who had been pretreated with thrombolysis. rhEPO has also been investigated in the setting of myocardial ischemia and reperfusion where basic science studies also suggested a cardioprotective role. However, in a recent multicenter human study in patients with acute myocardial infarction, rhEPO failed to reduce the infarct size, but was associated with an increased rate of adverse cardiovascular events [20] . Thus, much further preclinical and clinical research is needed to determine if derivatives of rhEPO such as cEPO-FC can improve long-term neurological outcome without potential side effects including hypertension, thrombosis and mortality.
